INTRODUCTION
In comparison with solitary trees, tree populations (or forests) with closely packed crowns and dense foliage absorb so much radiation that very little light penetrates to trunks and the ground. Within such canopies the light intensity varies with height from ground level, as under broad-leaved herbs (Monsi & Saeki, 1953; Larcher, 1975) . Studies on understorey warm-temperate deciduous trees of Tilia japonica (Miyaji & Tagawa, 1973) have shown correlations between leaf emergence, mortality and irradiance in the lower layer of trees. This deciduous forest had seedlings have also been measured (Goodall, 1950; Murray, 1953; Alvim & Grangier, 1966; Alvim, 1977) . Very few investigations, however, have been made on the longevity and productivity of cacao leaves in relation to their position within the canopy and the time of leaf emergence.
A life table approach has proved useful for the analysis of dynamics of leaf populations of the tree and herb canopies (Miyaji & Tagawa, 1973 , 1979 . In the deciduous tree, Tilia japonica, for example, the longevity of leaves was found to be dependent upon both the height of the leaf nodes from the ground within the canopy and the time of leaf emergence (Miyaji & Tagawa, 1973) . The longevity of leaves of cultivated populations of soybean (Glycine max) was related to their position on the stem and to sowing time, but leaf longevity did not Thow a relationship with plant density (Miyaji & Tagawa, 1979) . In order to gain a better understanding of the leaf population dynamics of a canopy, a new life table approach, using both leaf longevity and productivity, has been developed for canopy leaves, taking account of their position within the canopy, and plant density (Miyaji, 1984 (Miyaji, , 1986 Miyaji, Silva & Alvim, 1990) . This paper provides data on the longevity of leaves of a cacao tree population with closely packed crowns in Bahia State, Brazil, in terms of position (height above the ground level) within the canopy, which is directly related to the light intensity received by leaves and the timing of leaf emergence. The goal is that of understanding in detail the relationship between the longevity and potential or measured productivity of leaves.
MATERIALS AND METHODS
Material and study site During the research period, fertilizer was not applied and no insecticides or herbicides were used.
Leaf identification and mortality factors
To determine leaf longevity in the area shown in Figure 1 , 500 randomly selected shoots from 10 randomly chosen cacao trees (i.e. 50 shoots per tree, equivalent to approx. 23 % of the total) were labelled just before observations on leaf-fall began. Care was taken to select shoots from all levels, and similar numbers from different levels, of the cacao canopy. At the research site, the adult trees of cacao show two or three flushes which emerge at different sections of one shoot (or branch) and with only a few branches renewing their leaves (Alvim, 1977). All leaves that emerged from the terminal buds of labelled shoots were numbered in order of emergence.
The factors causing damage or death of the leaves were deduced from observation of the leaves while attached and from close inspection of those that had fallen. Four categories were identified: (i) 'leaf-fall following infection', which was associated with fungal or bacterial attack; (ii) 'enforced leaf-fall', likely to be brought about by strong wind or other mechanical factors; (iii) 'leaf-fall following injury', assigned to a fallen leaf with 90 0 of its area eaten by insect larvae; and (iv) 'physiological leaf-fall', describing the condition of leaves showing a low level of photosynthesis followed by death.
Observations of leaf emergence and leaf-fall were carried out approx. every 7 d during the period 27 June 1983-27 November 1984.
Light conditions and canopy density
In the study areas I and III (determination of leaf longevity and for stratified clips of leaves), light intensity within the cacao canopy was measured in kW m-2 at 30 cm intervals above the ground level with three Tube (970 mm long, 26 mm diameter) Solarimeters (Delta-T Devices Ltd., UK), attached in a single row on one side of a bar 3 m long. These measurements were carried out in diffused light at about noon during the period 6 September-8 October 1984, when the leaf biomass of the shade trees was at its maximum. The light intensity was then calculated relative to full daylight, which was measured outside the canopy with a PAR (Photosynthetically Active Radiation) Quantum Meter (Lambda Inst. Corp., USA) as ,umol m-2 s-and converted into kW m-2. The conversion was done by using the calibrated curve relating kW m-2 to daylight ,mol m-2 s-5, and the curve was previously produced from the output values observed at the same time for both instruments concerned under the various intensities of daylight.
After the canopy irradiance characteristics were The LAD and LAI were determined for the whole canopy and for each layer of leaves at 30 cm intervals above the ground. The d. wt of all sampled leaves was obtained after drying to constant weight at 80 ?C in a ventilated oven.
General observations
The tree census (as mentioned above) and measurement of the average height of leaf insertions for the sampled shoots were made for all the chosen cacao trees in areas I and II (Fig. 1) at the beginning and end of the study. For all the shade trees in the research area, the tree census (including determination of species name) was made at the end of the study.
Meteorological data were obtained from a station c. 100 m from the study site.
RESULTS

AND DISCUSSION
Light conditions within the canopy
Canopy light attenuations within the cacao tree canopies are shown for four locations (Fig. 2) with different shading (I and III cf. Fig. 1 ). The light intensity is plotted relative to full daylight (on a log scale), and using eye-fitted straight lines. In the studied areas shade trees, over the cacao canopy, reduced the relative light intensity just above the cacao canopy to between 30 and 1000, and at ground level to between 4 and 100% of full daylight.
The degree of light penetration gives useful information on the vertical distribution of foliage within the cacao canopies under the different shading levels. Regardless of shading, the cacao canopies in the studied areas roughly consisted of three 'layers'; The maximum value of LAD was 2 7 m2 m3 in the layer 150-180 cm above ground level and under 40 0 shading. In the unshaded area the maximum LAD was 3 9 m2 m-3 at 210-240 cm. In the 40o-shaded area, there were fewer leaves in the lower layer (0-100 cm high), than in the unshaded area. Foliage density in the middle layer within the canopy is much greater than in the other layers, despite the different shading conditions. The decreases in relative light intensity within the canopy and the calculated extinction coefficient, K, is shown (Fig. 4) for the two different shaded areas (sites III in Fig. 1) . The K value for each part of the light profile is the absolute value of the gradient of a linear regression line. It is well known that the K value increases as the leaves approach a horizontal orientation (Monsi & Saeki, 1953) . In graminaceous populations, where the leaves tended to have an upright orientation (more than 3/4 of the leaves were at an angle of more than 450 from the horizontal level), the K value was < 0 5, whereas in dicotyledonous populations with broad, horizontal leaves, the value was greater than 0 7; stands of trees with closely packed crowns had an intermediate value of 0 5-0 7 (Monsi & Saeki, 1953; Larcher, 1975) . Alvim (1977) reported a K value of 0-62 for an 8-yr-old cacao plantation, but the value was not uniform throughout the canopy because it decreased in the upper layer. He presumed that such variations in K values were due to observed differences in leaf angles.
In this research site and for the upper foliage > 220 cm high the K value in a 40 %0-shaded area was 0449, and in an unshaded area 0392. For foliage below 220 cm, the values were 0-660 and 0 669 in the 40 %0-shaded and unshaded areas, respectively. These results suggest that leaves below a height of 220 cm tend to have a similar leaf angle, closer to horizontal, regardless of differences in shading, so that the degree of light transmission becomes almost constant (cf. Fig. 2) . The K value for the total canopy in both shaded areas was 0-61. Total LAI for the whole canopy was 3 7 in the 40 00-shaded area, and 41 in the unshaded area (cf . Fig. 4) .
Dynamics of leaves within the canopy
The number of living leaves observed on the first (G1) to fourth (G4) flushes emerging from 100 branches, are shown in Figure 5 for the three leaflayers -LL, ML and UL.
There were more living leaves in the upper layer, especially from July to September (UL-G1 in leaves is the difference between the accumulated numbers of emergent and fallen leaves, and is shown in Figure 6 and Table 1 . For leaf group G1, the accumulated number of emergent leaves per 100 branches reached a final value of 608 at day 141 after the commencement of flushing in the UL and 409 at day 195 in the LL (Fig. 6) . The total number of emergent leaves during one year in the upper layer was about 170 0 of that in the lower leaf layer (Table 1) . In each leaf layer, the total number of emergent leaves for leaf group G1 corresponded to c. 40 00 of the total for all the leaf groups from G1 to G4 (Table 1) .
The mean date of leaf emergence in the three leaf layers is shown in Table 1 for the leaf groups G1 to G3. The values of mean date were calculated from the graph of the accumulated number of emergent leaves (Fig. 6) for the foliage concerned.
At each flushing time, the mean date of leaf emergence for the leaves in the upper layer, in which the leaves received higher irradiance, was earlier (by 5-41 d) than those for the leaves in the middle and lower layers (cf. Table 1 ). This suggests that the development of the foliage by emergent leaves in the upper layer is faster than in other layers.
This behaviour (higher numbers of and faster foliage development) of emergent leaves on flushes in the upper layer might be closely related to translocation of assimilates from mature leaves with a higher photosynthetic activity (Baker & Hardwick, 1976; Miyaji et al., 1990) .
The trends of the accumulated number of fallen leaves (Fig. 7) indicate two periods of intensive leaffall, from January to the beginning of March and in October 1984. These occurred simultaneously in the upper and middle layers. The first period (JanuaryMarch) included days in which air temperature and solar radiation were higher (cf. Table 2 These results indicate that the upper foliage (UL-G3 in Fig. 6 ), which emerged under more intensive irradiance during the period December-February (cf. Table 2), had a shortened lx-curve. The lx-curve of leaves which emerged in the rainy season for Tilia japonica, a deciduous broad-leaved tree, was shortened (by about 60 d) by the low air temperature in autumn (Miyaji & Tagawa, 1973) . These imply that for both a tropical evergreen and a warm-temperate deciduous tree, external environmental factors such as higher irradiance and rainfall, which occurred during the flushing periods, affected the Ix-curve of leaves within the canopy.
As regards the foliage UL-G1 which fell completely during the observation period, the mean longevity calculated from the Ix-curve (cf. Fig. 8 ) according to the life table analysis (Miyaji & Tagawa, 1973 , 1979 Miyaji, 1986 ) was 181 d. However, the leaves observed in the leaf-fall studies did not all fall during the study period (July 1983-November 1984). A mean longevity for each foliage group was therefore determined by a different method, as the number of days from the mean date of leaf emergence to the date at which the survival ratio of leaves reached a 5000 value on the Ix-curve (Table 1) .
The leaves in the lower layer within the cacao canopy had a greater longevity than those in the upper layer. Mean longevity of the lower foliage for G1, G and G3 groups was about 2 3, 2 3 and 1 5 times, respectively, that of the upper foliage (Table  1) . This demonstrates that longevity of leaves on adult trees of cacao is dependent upon their position within the canopy and the time of emergence; in particular longevity decreases greatly with the height of the leaf from ground level.
Saplings of Actinodaphne longifolia (a broad-leaved evergreen), which grow in the lowest layer within the forest in southern Japan, have greater leaf longevity (about 52 months) than mature trees under full daylight (Yukawa et al., 1977) . Leaves of seedlings in the lowest layer within the tropical rain forests had greater longevity than those in the other layers (Bentley, 1979; Clark & Clark, 1985) . For soybean and kidney bean (Phaseolus vulgaris) plants (the broad-leaved herbs), however, leaf longevity in- creased with the height of the leaf on the stem from ground level up to the middle part of the stem within the canopies, and the upper foliage did not have a greater longevity than the middle foliage (Miyaji & Tagawa, 1979; Miyaji, 1986) . This was probably the result of more rapid growth and self-shading. For the tropical evergreen cacao tree,with up to several leaf production cycles (rhythmic, discontinuous flushes) per year, the foliage (especially the lower foliage) within the canopy will be shorter-lived than in warm-temperate broad-leaved evergreen forests, which show one or two cycles of leaf production per year. However, further research is needed to confirm this observation.
Factors causing leaf-fall
As shown in Figure 8 , 12-34 o (23 0 on average) of emergent leaves fell in the 2 months after leaf emergence for all the leaf groups observed. 1000 
